Although bulk gold is known to present very low luminescence quantum yield, gold nanoparticles can present a huge nonlinear luminescence with an apparent high influence of the particle shape. The two-photon luminescence (TPL) of Au nanorods (NR) was investigated at the single-object level, combining polarizationresolved TPL and simultaneously acquired topography using atomic force microscopy (AFM). We evidence that the huge TPL observed in these rods is the result of an interplay between their two different localized surface plasmon resonances. Excitation of gold NR at its longitudinal plasmon frequency first lead to increased absorption and thus increased production of electron-hole pairs that happen to recombine radiatively through the transverse plasmon band i.e. with an enhanced emission at the NR transverse plasmon band. Above fundamental aspects, we show that these specific properties make TPL a highly sensitive technique for the characterization of nanoobjects from their topology to their organization. Keywords: gold nanoparticles, plasmons, two-photon luminescence, hot charges.
INTRODUCTION
Nano-objects of noble metals exhibit collective oscillation modes of their conduction electrons known as local plasmons. Beyond spectacular colors, plasmon modes can induce subwavelength electromagnetic field confinement [1, 2] associated to field enhancement effects which are of major interest towards future applications, from selective photochemistry or phototherapy to new multifunctional characterization techniques such as surface or tip-enhanced microscopies and spectroscopies [3] .
In addition to these nano-antenna properties, plasmonic nanoobjects, and gold particles more particularly, were shown to exhibit quite unexpected luminescence properties, considering the very low quantum yield of bulk gold [4] . Plasmonic luminescence has given rise to many studies but continues to be the subject of many discussions. Different origins have been proposed from inelastic light scattering to multiphoton luminescence or even thermal radiation [5] . One difficulty comes from the differences in the excitation conditions from one reported experiment to another, from e.g. continuous to pulsed excitation, or average to single particle measurements. The gold band structure or the crystalline properties of the considered nano-objects might also play an important role.
We report here detailed investigations of the two-photon luminescence (TPL) properties of colloidal gold nanorods (GNR) studied at the single particle level to prevent any effect of sample heterogeneity. The size and aspect ratio of the nanorods were chosen so as to exhibit a longitudinal plasmon resonance around 800 nm, for nonlinear excitation using a Ti-Sapphire femtosecond laser source as further detailed below.
An in-depth study of the influence of both the wavelength and polarization of the excitation beam was carried out. We demonstrate that the nanorods TPL results from two subsequent steps involving both the longitudinal and the transverse surface plasmon resonances of the nanorods: an increase of electron-hole generation first results from local electric field enhancement at the longitudinal plasmon resonance; the relaxation of electronhole pairs through the excitation of the transverse plasmon mode of the rod then plays an important role [6] . In a next step, the influence of incident power was investigated using the conditions (polarization and wavelength) within which the maximum TPL could be obtained. We show that TPL reveals itself as a highly sensitive tool to follow tiny changes resulting from the photo-induced reshaping of nanorods [7] , the high anisotropic character of TPL making it also an interesting way to characterize the organization of nanorods [8] .
SAMPLE PREPARATION
40-nm long, 10-nm diameter cylindrical GNRs were synthesized using a now well-established colloidal seedmediated procedure [9, 10] . Transmission electron microscopy (TEM) characterizations reveal the perfect, single crystalline nature of these GNRs which extinction spectrum is shown in Fig. 1a . These GNRs exhibit two different plasmon resonances: a transverse resonance T 520 nm and a longitudinal one L 800 nm as expected from their aspect ratio (AR) of c.a. 4 [11] and further confirmed following simulations using the Boundary Element Method (BEM) [12] . BEM was also used to calculate the field map expected for these 10 nm × 40 nm rods. As shown in Fig. 1b , it reveals very high field enhancements at both the wavelengths of the transverse and, to a larger extent, the longitudinal plasmon resonances. Given the colloidal synthesis method, a positively charged CTAB (Cetyl TrimethylAmmonium Bromide) capping layer surrounds the nanorods [9, 10] . The positive charge of the CTAB surfactant is taken into profit to immobilize the GNR using electrostatic interactions. For this, ITO coated substrates are first treated using UVOzone in order to produce negatively charged hydroxyl groups at the ITO surface, a droplet of GNRs in solution being consecutively left to dry. Non-specifically coupled GNRs are then eliminated through careful rinsing with ethanol. Thanks to specific landmarks fabricated on the substrates, each considered GNR can be precisely localized and the same single objects can be analyzed using either TPL, AFM and scanning electron microscopy (SEM, as shown in Fig. 1c ).
CORRELATED TPL AND TOPOGRAPHY ANALYSES OF SINGLE NANORODS
The two-photon luminescence (TPL) of single 10 nm × 40 nm colloidal gold nanorods was characterized using a specific set-up developed in order to correlate each GNR TPL properties with its geometry, orientation and environment (see Fig. 2a ). Each GNR is simultaneously characterized using two probes that are previously aligned: (1) an AFM tip for the characterization in topography (NanoWizard III, JPK), and (2) a focused laser spot (microscope objective NA = 1.3 leading to a beam waist w = 400 nm) coupled to the sample through an inverted optical configuration, for the two-photon excitation of the nanorods (Tsunami, Spectra Physics -740 which is further analysed using either a channel plate multiplier working in the photon counting mode (Perkin Elmer MP-993-CL) or a spectrometer coupled to a CCD camera (Andor DU401-BR-DD) as further discussed below. As evidenced in Fig. 2 , the TPL signal intensity appears to be highly dependent on the GNRs orientation for a given incoming laser beam polarization. Detailed angular dependence studies have been realized on different single GNRs with different spatial orientations, showing more particularly that the TPL intensity varies as cos 4 the angle between the laser polarization and the rod longitudinal axis [6] . This dependence which could be reproduced on all considered GNRs, indicates not only the dipolar origin of the signal but evidences also the quadratic dependence of the signal with the excitation beam. The correlation between the topography measurements and the TPL intensity points out that the angle of maximum luminescence of a GNR is observed each time in the direction of its longitudinal axis.
The influence of the exciting beam wavelength exc was further studied using a polarization along the longitudinal axis of the GNR: the maximum TPL is obtained at the GNR longitudinal surface plasmon resonance 
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( exc L ), in agreement with previously reported studies [13] . The TPL data measured for a large number of single GNRs appear moreover to be very well described (no external adjustable parameters) by the theoretical dependence that can obtained from the BEM simulations or from the analytical Gans-Mie model [6] .
As a complementary characterization, the spectral content of the TPL signal was also analyzed through a spectrometer coupled to a CCD camera. As shown in Fig. 2d , two emission bands are evidenced, varying both quadratically with the laser excitation power and peaking, one in the IR and the second around TPL max, VIS = 547 ± 4 nm, i.e. very close to the GNRs transverse surface plasmon band. This band appears moreover to be 80% polarized along the GNR transverse axis, i.e. in a direction perpendicular to the exciting beam polarization.
From this, we conclude that the large two-photon luminescence in gold nanorods results from the interplay of T L , plasmon modes) : excitation at the GNR longitudinal plasmon resonance ( exc L ) results in increased absorption, obviously leading to increased production of electron-holes pairs. These electron-hole pairs subsequently recombine radiatively through the GNR transverse plasmon band ( em T ) leading to plasmon enhanced emission [6, 14] . Direct radiative relaxation of electron and holes can also be observed [15] , but in a much less extent, which explains the fact that visible TPL is not fully polarized (80% degree of polarization).
NP TOPOLOGY OR ORGANIZATION
As discussed above and illustrated in Fig. 2 , TPL is highly dependent on the GNR orientation, varying as cos 4 light polarization and the GNR longitudinal axis. TPL characterization can thus interestingly be used in order to study nanorods arrangements.
Considering liquid crystalline (LC) matrices, which are well known to be intrinsically anisotropic, we could evidence TPL images fundamentally different when going from an incident laser polarization parallel to perpendicular to so-called LC oily streaks (smectic A defects). More particularly, and except for a few intense spots obviously corresponding to aggregates, a quasi-full on and off switching of the TPL signal could be evidenced when going from an incident polarization parallel to perpendicular to the oily streaks [8] . TPL could thus prove that oily streaks enable the orientation of gold nanorods, opening interesting prospects in the field of directed nanoparticles assembly. The dependence of TPL on the excitation irradiance was also studied, previous reports stating changes in the luminescence emission spectrum in direct relation with the production of hot electrons and holes of higher energy [15, 16] . As illustrated in Fig. 3 , the illumination of single GNRs with increased energy density (from 125 μJ·cm -2 to 2.5 mJ·cm -2 ) leads however to a huge drop in their TPL intensity, even using energy densities well below the ones previously observed to induce photoinduced melting [3] [4] [5] [6] .
From theoretical simulations, we could show that femtosecond laser illumination with 125 μJ·cm -2 energy densities induce a temperature rise around 487 K, below the melting of the particles, but high enough to enable gold atom spreading away from the GNR tip resulting in changes in the GNR plasmonic properties and thus TPL [7] . The shift of the rod resonance following reshaping leads to reduced absorption which acts as a feedback to stabilize the GNR shape and size. Conversely, the continuous matching of the shifted resonance wavelength offers a way to precisely reshape the GNR under illumination. This opens new prospects for the controlled photo-induced modification of single plasmonic particles using TPL.
CONCLUSIONS
The large two-photon luminescence of gold nanorods was shown to result from a "double-antenna" effect resulting from their two different localized surface plasmon resonances. Excitation of a gold GNR at its longitudinal plasmon frequency first lead to increased absorption (through strong local electromagnetic fields) and thus increased production of electron-hole pairs. Enhanced radiative recombination of these hot carriers is then observed through an antenna effect at the GNR transverse plasmon resonance [6] , as it was also recently reported in the literature in the case of one photon luminescence [17] . A similar behaviour can also be evidenced in the case of colloidal gold nanobipyramids exhibiting non only dipolar but also higher order plasmon resonances (article in preparation). Our aim is now to determine the exact parameters enabling to control and optimize the radiative electron-hole recombination for a given localized plasmon resonance. TPL was moreover demonstrated as a highly sensitive technique enabling to detect nanoparticles organization or reshaping. TPL was especially shown to evidence photo-induced morphological changes that happen to be hardly impossible to determine using common imaging methods such as AFM or SEM [7] .
Above luminescence we will finally discuss other processes originating from plasmon relaxation, such as hot charges induced photophysics and photochemistry.
